The vapour pressure of binary mixtures containing ethanol and 1-propanol were investigated at temperatures ranging from 274.15 to 443.15 K using two different setups with static methods. The measured values were fitted to a Clausius-Clapeyron type relationship. The heat of evaporation of mixtures was determined from the vapour-liquid equilibria data.
Introduction
Investigation of thermodynamic properties of pure liquids and their mixtures is important in various fields of science, chemical engineering, economy and industry. Aliphatic alcohols are commonly applied in chemical, biological, and medical uses as solvents for fats, oils, resins, paints, and nitrocellulose with regard to the manufacture of goods from perfumes to brake fluids [1] . In addition, the studied solutions of ethanol (C 2 H 5 OH) and 1-propanol (C 3 H 7 OH) are also used as heat transfer fluids in heat reservoirs, solar heating systems, oxygenates in fuels, and cryogenic power generation systems [2] . For the design and modelling of such applications, the determination of flow in pipes, heat transfer, and mass transfer operations requires the knowledge of thermophysical properties. Density, vapour pressure, speed of sound, viscosity, and heat capacity often need to be defined for these purposes.
This work is a continuation of our previous publications in the field of thermophysical properties of alcohol and their solutions [3] [4] [5] [6] . Hereby, the vapour pressure of binary solutions of (1-x) C 2 H 5 OH + x C 3 H 7 OH were investigated. The vapour pressure data of binary solutions of ethanol and 1-propanol at different temperatures and concentrations were determined. After the analysis of the literature using "ThermoLit" from NIST, we concluded that only a few vapour pressure values for these systems have been reported to date [7] [8] [9] [10] [11] .
*Correspondence: javid.safarov@uni-rostock. de Early studies by Parks and Schwenk [7] reported the vapour pressure of a (1-x) C 2 H 5 OH + x C 3 H 7 OH mixture at 298.15 K using glass apparatus and the differential method. A good commercial grade ethanol (w = 99.9%) and "refined" commercial 1-propanol (w = 99.34%) were used during the preparation of solutions. Later, Udovenko and Frid [8] investigated the vapour pressure of the same mixture, but within a higher temperature range (323.15 to 353.15 K) using the dynamic method. The vapour liquid equilibria (VLE) of these systems were analysed using a refractometer. The activity coefficients γ of both pure components were calculated.
A series of studies in the early 90s included the work of Zielkiewicz [9] , who studied the vapour pressure at 313.15 K using the static method. Dried ethanol and 1-propanol were used during the preparation of solutions. The temperature and pressure were controlled within ±0.001 K and ±0.004 kPa, respectively. Binary samples were prepared by weighing within an uncertainty of ±0.0005 mole fractions. Solution preparations were carried out using the dry nitrogen process. Furthermore, Pradhan et al. [10] investigated the vapour pressures of ethanol and 1-propanol solutions at 303.15 K using the static method. For the fitting of obtained values a modified NRTL equation was used.
Quite recently, Cristino et al. [11] carried out high temperature VLE measurements for the system of ethanol and 1-propanol solutions within a temperature range of 403.2 to 423.2 K using a flow apparatus. Alcohols used during the preparation of solutions had a confirmed purity greater than 99.9 weight percent. The pressure was controlled using two pressure transducers within ranges of 0 -0.4 (uncertainty of ±0.0002 MPa) and 0-1.7 MPa (uncertainty of ±0.0009 MPa). The temperature was measured using a platinum resistance thermometer with an uncertainty of ±0.1 K. The statistical associating fluid theory for potentials of variable range (SAFT-VR) was used to model the systems and found to accurately reproduce the experimental data. Using this analytical method the uncertainty of solution preparation was ±0.0001 mole fractions.
The outcome of a literature survey summarised in Table 1 is that only small temperature, pressure, and concentration intervals were investigated to date in addition to older literature examples decades ago that may have used out-dated measurement techniques.
In this work, the vapour pressures of binary (1-x) C 2 H 5 OH + x C 3 H 7 OH solutions were investigated using two highly accurate, fully automatic static experimental setups and ultrapure Merck quality chemicals.
Experimental

Samples and Measurements
Ultra-pure ethanol EMPLURA® (w = 99.995%, CAS No. 71-36-3, Art. Nr. 8.22262.2500) and 1-propanol Analyse EMSURE® ACS, Reag. Ph Eur (w = 99.995%, CAS No. 71-23-8, Art. Nr. 1009971000) were purchased from Merck Schuchardt OHG, Germany. The samples were used without further purification. They were carefully degassed in glass flasks with special vacuum leak-proof valves before measurements were taken. The water content is determined by Karl Fischer titration and was determined to be less than a mass fraction of 20 ppm.
Experimental Procedure
The vapour pressure measurements of binary solutions of (1-x) C 2 H 5 OH + x C 3 H 7 OH were measured using two high-accuracy static experimental seweups [12] [13] [14] . The glass cells were used for vapour pressure measurements lower than ambient pressure at temperatures from 274.15 to 323.15 K. The metal cell was used for the higher temperature range of 323.15-433.15 K using the static method [12] [13] [14] . The glass cell method consists of absolute and differential parts (if the vapour pressure is smaller than the uncertainty of the absolute cell, 30 Pa). The vapour pressure of the solution was always higher than the uncertainty of measurements between 274.15 and 323.15 K. The measurements within this temperature range were carried out only using the absolute cell of installation. The internal volume of the glass cell in absolute measurements is approximately 78.56 cm 3 , and the volume of steel tube cells is 1 cm 3 . The glass cell static method consists of a bolted-top cell in a water-bath kept at constant temperature (± 0.01 K) using a thermostat.
The vapour pressure was measured using a calibrated high accuracy sensor head [Type 615A connected to the signal conditioner Type 670A, MKS Baratron, USA] attached to the top of the cell of various Keller pressure transmitters: maximum pressure of 300,000 Pa with an uncertainty of ΔP = ±(400 to 1,500) Pa, maximum pressure of 1,000,000 Pa with an uncertainty of ΔP = ±(1,000 to 5,000) Pa and maximum pressure of 1,600,000 Pa with an uncertainty of ΔP = ±(2,000 to 8,000) Pa. The experimental uncertainty of the pressure in the absolute vapour pressure measurement using the glass cell is ±10-30 Pa.
The internal volume of the measurement cell is approximately 140 cm 3 . Temperatures were measured using two different platinum resistance thermometers, PT-100. The second platinum resistance thermometer, PT-100, transfers the measured temperature in the computer via an Omega PT-104A Channel RTD Input Data Acquisition Module (Omega Engineering, Inc., USA) for the measuring of temperature, with an accuracy of ±0.001 K. Experiments were carried out starting from a low temperature (333.15 K) to a high temperature (433.15 K) at 10 K intervals.
Before the experiments, the measurement cells were washed with water, methanol and acetone and then all residual fluids were removed. This procedure requires approximately 2 to 3 h or more to reach the Specific quantities of ethanol and 1-propanol were evacuated, degassed in two separate flasks and connected using an adapter [12] . Ethanol flowed into a flask containing 1-propanol and the concentration of the solution was determined using the weight of the flask containing the solution on an electronic scale (Sartorius ED224S, Germany) with an uncertainty of 0.0001 g. A quantity of the solution was injected into the equilibrium cells up to approximately 50% of their volume.
The vapour pressures of the water, methanol, acetone, toluene, 1-butanol, etc. were measured as reference substances for testing both setups [12] [13] [14] . The experimental vapour pressure results were assessed to be reliable to within an average uncertainty of ±0.05% according to test measurements.
Results and Discussion
The measured experimental vapour pressures for an ethanol/1-propanol mixture within the temperature range of 274.15 to 433.15 K are listed in Table 2 , and are also shown in Fig.1 . The vapour pressures of pure alcohols were taken from Refs. [15] [16] .
The experimental vapour pressure results, P in Pa of investigated solutions were fit to the Antoine equation: a Standard uncertainties u are u(T) = 0.01 K and u(x) = 0.0001 mole fractions and the combined expanded uncertainties U c are U c (P) = 30 Pa for P < 0.1 MPa, U c (P) = 1500 Pa for P < 3 MPa, and U c (P) = 8000 Pa for P < 16 MPa (level of confidence = 0.95); b The vapour pressure values of ethanol were taken from Ref. [15] ; c The vapour pressure values of 1-propanol were taken from Ref. [16] . 
The fitted constants A
A , B A , and C A for the investigated solutions are summarised in Table 3 with the standard mean deviation defined as follows:
From Table 3 , it can be seen that coefficients A A , B
A , and C A exhibit non-trivial dependence from the mole fraction of 1-propanol. Fitting of these coefficients was a challenging task. Thus, we also used a ClausiusClapeyron-type equation to obtain the vapour pressure results of the investigated solutions from mole fractions of 1-propanol:
where P is vapour pressure in Pa; T is the temperature in K; and A CC , B CC , C CC , and D CC are the coefficients of the equation, depending on the mole fraction of the solvent as follows:
The coefficients a i , b i , c i , and d i for the investigated ethanol/1-propanol mixtures are tabulated in Table 4 . The uncertainty of fitting was approximately u r (ΔP/P) = 0.7678. The plots of deviation of experimental P exp and calculated P cal vapour pressure values as a function of 
If we plot ln(P) as a function of 1/T, we can define ΔH v from the gradient of the line:
After the integration of Eq. (6) we can find
The calculated enthalpy of vaporisations ΔH v in J mol -1 for the (1-x)C 2 H 5 OH + x C 3 H 7 OH mixture within the temperature range of 274.15-443.15 K are listed in Table 5 and compared to the available literature results [7] [8] [9] [10] [11] shown in Fig.5 .
When the measured values by Parks [7] at T = 298.15 K are compared to our values, we obtain ∆P = ±242 Pa or ∆P/P = ±5.24% deviations. The maximum deviation is ∆P = 394 Pa at x = 0.759 mole fractions of 1-propanol. The Parks' values [7] are higher than our results and the vapour pressures of ethanol exhibit small deviations compared to ours and all other literature values presented in Ref. [15] . The vapour pressure of 1-propanol published in Ref. [7] exhibits a large deviation from ours and all other literature values presented in Ref. [16] . We hypothesise that the vapour pressure values of 1-propanol with high deviation from the literature were used during the analysis of concentration dependence in Ref. [7] .
The 44 data points of Udovenko and Frid [8] 
Conclusion
Vapour pressure measurements for the binary mixture of ethanol and 1-propanol over a wide range of temperatures from 274.15 K to 468.15 K were studied. The Antoine and Clausius-Clapeyron equations were used to fit the experimental results. The enthalpies of vaporisation at four various temperatures were calculated. The available literature values were compared with measured values and small deviations were observed. 
